Antibiotic resistance is one of the most significant challenges facing global healthcare. Since the 1940s, antibiotics have been used to fight infections, initially with penicillin and subsequently with various derivatives including cephalosporins, carbapenams and monobactams. A common characteristic of these antibiotics is the four-membered β-lactam ring. Alarmingly, in recent years an increasing number of bacteria have become resistant to these antibiotics. A major strategy employed by these pathogens is to use Zn(II)-dependent enzymes, the metallo-β-lactamases (MBLs), which hydrolyse the β-lactam ring. Clinically useful MBL inhibitors are not yet available. Consequently, MBLs remain a major threat to human health. In this review biochemical properties of MBLs are discussed, focusing in particular on the interactions between the enzymes and the functionally essential metal ions. The precise role(s) of these metal ions is still debated and may differ between different MBLs. However, since they are required for catalysis, their binding site may present an alternative target for inhibitor design.
Introduction
β-lactamases are a family of enzymes that hydrolyse and thus linearise the β-lactam moiety of most of the commonly used antibiotics, examples of which are shown in Figure 1 [1] . Based on sequence similarity, the β-lactamases are subdivided into four groups, A, B, C and D [2] [3] . Subgroups A, C and D are serine-β-lactamases SBLs; they employ a serine residue in their active site to initiate hydrolysis of β-lactam substrates and do not require metal ions for their function [2] - [5] . SBLs have been extensively studied and their threat to human health is, at least currently, under control, as clinically useful SBL inhibitors such as clavulanic acid can be co-administered with the antibiotics to maintain their antibacterial effect [4] [5] . In contrast, no such inhibitors are currently available for B-type β-lactamases, termed MBLs. In addition, their threat to human health is further exacerbated by their ability to spread easily between species, mainly through horizontal gene transfer [6] [7] . MBL-encoding genes can be part of either the chromosomal framework of the bacterial species, as observed for instance in Pseudomonas aeruginosa [8] , or are located on mobile genetic elements that can easily be shared among species via horizontal gene transfer (examples include P. aeruginosa, Klebsiella pneumonia and Acinetobacter baumannii [9] - [11] ). This facile transfer of genetic information amongst pathogenic bacteria, in combination with increasing global travel capabilities of the human population provides an ideal framework for the rapid spread of antibiotic resistance [10] .
MBLs require at least one, but more commonly two Zn(II) ions in their active sites for catalytic activity [2] [12]- [14] . Based on sequence homology MBLs are divided into as many as four subgroups, labelled B1, B2, B3 and, the most recent addition, B4 [15] . Common to all MBLs is their characteristic  fold (Figure 2 ).
While all MBLs require metal ions for their function there are variations with respect to how many metal ions are essential. B1-type MBLs generally require two Zn(II) ions in their active sites [2] [12]- [14] [17] . However, an MBL from Bacillus cereus, BcII, has been shown to be catalytically active in the presence of only one Zn(II) ion (albeit with reduced efficiency) [18] . In contrast, MBLs from the B2 subgroup require only one Zn(II) ion; the binding of a second metal ion in their active sites leads to inhibition of catalysis [19] . Interestingly, B2-type MBLs are more selective in terms of the antibiotics they are able to degrade-their activity against penicillins and cephalosporins is poor, while they have a particular preference for monobactams [2] [20]- [22] . B3-type MBLs resemble B1-type enzymes in their metal ion requirements [23] [24] . The only characterised MBL that may belong to the recently proposed B4 subgroup, SPR-1 from Serratia proteamaculans, may also require two metal ions to be catalytically active. However, unlike other MBLs studied to date SPR-1 may be mononuclear in the absence of substrates; only upon the addition of an antibiotic reactant a binuclear centre is formed [25] . This behaviour may imply the presence of a regulatory mechanism whereby the enzyme is "switched on" only when needed, a mechanism reminiscent of that of the organophosphate-degrading enzyme GpdQ from Enterobacter aerogenes [26] - [33] . While it remains unclear why some MBLs employ such a regulatory mechanism its occurrence may suggest an additional, as of yet obscure biological function for these enzymes.
Zinc is the naturally occurring metal ion employed by all known MBLs [2] [12]- [14] . In in vitro studies it was demonstrated that catalytic activity can be reconstituted with a range of metal ions, including Co(II), Mn(II) and Cu(II) [13] [14] [34] . Although not biologically relevant, the MBL derivatives with these metal ions have provided detailed insight into mechanistic aspects of these enzymes.
A series of detailed reviews on the structure, function and clinical relevance of MBLs have been published over the past decade [3] [13] [14] . The aim of this minireview is to briefly summarise the main structural and mechanistic aspects of these diverse enzymes, while focussing on the interactions between metal ions and the ligands in the active site of the MBLs and their role(s) in catalysis. Universal inhibitors for MBLs are currently unavailable but since metal ions are essential for MBL function, a strategy that would interfere with enzymemetal ion interactions may prove beneficial for the future development of such inhibitors.
Overall and Active Site Structures of MBLs
As mentioned above, although MBLs are divided into four subclasses, they all share a common αββα core structure, with eight β strands connected by α helices (Figure 2) [2] [14] . The B1 subclass is the most prevalent and structurally most extensively studied class [2] [60] . More recently, NDM-1 from K. pneumoniae emerged and made global headlines due to its highly pathogenic and dangerous nature because of its ability to degrade most commonly used antibiotics [61] - [66] . Examples of the B2 and B3 subgroups are CphA from A. hydrophila [21] [22] [67]- [71] , ImiS from A. veronii bv. Sobria and Sfh-I from S. fonticola [67] [71] [72] , and L1 from S. maltophilia [24] [73]- [75] , FEZ-1 from F. gormanii [76] , BJP-1 from B. japonicum [77] , MIM-1 from N. pentaromativorans [78] , MIM-2 from S. agarivorans [78] , SMB-1 from S. marcescens [79] , CAR-1 from E carotovora [80] and THIN-B from J. lividum [81] , while the recently proposed B4 subgroup is represented by SPR-1 from S. proteamaculans [25] and CSA-1 from C. sakazaki [15] . B1-type MBLs have two peptide loops, L3 and L8, in the vicinity of the metal ion-containing active site (Figure 3) .These loops are believed to be crucial for the determination of the substrate specificity of these enzymes [2] . In contrast, MBLs from the B2 subgroup lack the extended L3 loop. Instead these enzymes have a kinked α-helix positioned directly above the active site cleft [2] [20]. This feature facilitates the formation of a narrow, well defined substrate binding pocket. Consequently, these enzymes display a tighter selectivity for antibiotic substrates than other MBLs, hydrolysing only monobactam substrates with high efficiency [2] . Of the three known representatives from this subgroup ( Table 1) , CphA is the most extensively studied [19] [21] [22] [67]- [70] . MBLs from the B3 subgroup also lack the extended L3 loop. However, they have an extra loop, located above the active site, which may also influence the substrate specificity of these enzymes. A preference for cephalosporins has been noted for this subgroup [2] [21] . Initially, SPR-1 from S. proteamaculans was also assigned to the B3 subgroup [25] . However, an analysis of its active site structure (see below), together with a homology sequence analysis has indicated that SPR-1 may represent the prototype of the B4 subgroup of MBLs [15] [25] . Its substrate preference is similar to that of the B3-type MBL L1 from S. maltophilia [25] ; no crystallographic data for SPR-1 is currently available. The active sites of MBLs generally accommodate space for two metal ions to bind in close proximity ( Figure  4 ). The two metal ion binding sites are frequently labelled as Zn1 and Zn2, highlighting the fact that in vivo MBLs are Zn(II)-dependent enzymes.
Each metal ion is coordinated by three amino acids; however, the identity of these ligands varies between subgroups. Table 1 lists the relevant amino acids and resulting geometries for the metal ions in the Zn1 and Zn2 sites of MBLs from different subgroups. The numbering of the amino acids is according to a standardised system [3] : water ligands are indicated by W.
In B1-and B3-type MBLs the Zn1 site is formed by three histidine residues-His116, His118 and His196-and is thus referred to as the "histidine site"; the fourth coordination position is occupied by a water molecule that forms a bridge to Zn2. This water molecule is the likely nucleophile that initiates the hydrolysis of the β-lactam substrates [14] .
The overall geometry of the Zn1 site is tetrahedral. In B2-type MBLs one of the histidine ligands, H116, is replaced by an asparagine. This mutation may affect the affinity of the Zn1 site for metal ions. It is important to note that in the catalytically active form of B2-type MBLs this site is not occupied by a metal ion; binding of a metal ion to Zn1 leads to effective inhibition of catalysis [67] . In B4-type MBLs H118 in Zn1 is replaced by an arginine residue [15] [25]. It is not yet known if in these MBLs the Zn1 site is occupied in the resting state. B1-and B2-type MBLs have identical amino acid ligands in their Zn2 sites with D120, C221 and H263-due to the presence of the cysteine ligand this site is frequently also referred to as the "cysteine site". The metal ion-bridging water completes the coordination sphere of B1-type MBLs. However, in contrast to the Zn1 site the geometry is distorted trigonal bipyramidal, thus providing a possible vacant coordination position for a substrate molecule. In B2-type MBLs a water ligand is also present, but the overall geometry is tetrahedral. In B3 enzymes, the cysteine residue is replaced by H121, but the geometry remains trigonal bipyramidal. More significant alterations appear evident in the Zn2 sites of MBLs belonging to the recently proposed B4 subgroup. Based on sequence analysis and homology modelling it is likely that C221 is replaced either by S221 or Q121, while H263 may be substituted by N262 [15] [25] . These extensive variations in the active site of these enzymes are expected to affect their interactions with the metal ions, and consequently also their reaction mechanism significantly. Although little is currently known about B4-type MBLs they may shed light into the functional diversity of MBLs in general, an insight that may also be exploited in the design of potent inhibitors of clinical relevance.
The above discussion illustrates that there is considerable variation in the active sites of MBLs from different subgroups both in terms of the composition of their first coordination spheres and the contribution of the Zn(II) ions to catalysis. Members of the B1 subgroup operate predominantly as binuclear enzymes but may still be functional in mononuclear form, albeit with reduced activity [18] [84] . Common to the various mechanistic proposals is the involvement of the metal ions in catalysis by coordinating the nucleophilic hydroxide group, which is either bridging the metal ions in binuclear centres or is coordinated to Zn2 in mononuclear MBLs ( Figure 5 ). Despite these mechanistic variations the central and essential role of the metal ions in catalysis may facilitate a much needed alternative strategy to develop universal MBL inhibitors for clinical applications. Currently available MBL inhibitors mainly compete with the antibiotic substrates, coordinating either directly to the metal ions in the active site or at least in close vicinity (e.g. Figure 6 ) [25] [86]- [92] . However, as discussed above, the substrate binding sites reveal large structural variations between MBL subgroups, exemplified by differences in substrate preferences. Compounds that interfere with metal ion binding to Zn1, Zn2 or both sides may thus be more promising as universal MBL inhibitors. In order to exploit the potential of the metal ion binding sites for inhibitor design and development the interactions between the active site and the metal ions need to be investigated. Relatively few studies to date have focused on providing quantitative data that characterise such interactions in MBLs. It is thus a major aim of this minireview to summarise available information with a view to highlight current limitations in our understanding of metal ion binding in MBLs.
Interactions between MBLs and Metal Ions
The discussion in the section above highlighted the fact that the metal ion requirement and quite likely also the metal ion binding in the four MBL subgroups may vary. Insight into the role of the metal ions in MBL function is obscured not only by the fact that there is limited quantitative information available, but also by the significant variations in reported metal ion binding affinities. While some of these variations may be due to structural differences in the active sites of MBLs, some may be associated with different methodologies that were employed to obtain binding constants. An example of reported binding constants for Zn(II) to the MBL BcII illustrates the conundrum. The affinities of the two metal binding sites in the catalytic centre of BcII differ greatly, but estimates for the K d values for each of the two sites also vary largely. For the site with the tighter affinity K d values range from the low nM scale to 120 μM, and for the lower affinity site from 1.5 μM to 24 mM [18] [60] [93] . A more recent structural and spectroscopic study with BcII suggested positive cooperative binding of the two zinc ions [94] . Thus, it was proposed that the di-zinc form is the biologically relevant one [94] . Positive cooperativity for metal ion binding has also been reported for other B1-type MBLs, i.e. the enzymes CcrA [95] - [99] and IMP-1 [36] [41]- [46] . In contrast, the B1 MBL Bla2 from B. anthracis appears to bind the two Zn(II) in sequential order, leading to the speculation that this enzyme may be active in its mononuclear form under physiological conditions [100] . In the following paragraphs reported metal ion binding constants and their relevance to MBL function are discussed in order to illustrate the significance of the metal ions to MBL function but also to highlight current limitations in our understanding of how precisely the metal ions contribute to these enzymes' mode of action.
Methods used to measure binding affinities include competition-type assays, spectroscopic and thermodynamic measurements, as well as catalytic assays. Competition-based assays rely on the direct competition of at least two compounds for binding to a target such as a metal ion. In order to study the binding of metal ions, in Figure 7) ; both compounds have high affinities for Co(II), Ni(II), Cu(II), Zn(II) and Cd(II) [101] - [105] . For a detailed description of the data analysis refer to published literature [18] [60] [106] [107] . A competition assay using Mag-Fura as chelator was employed in order to estimate the binding constants of Zn(II) and Cd(II) to the active site in the B1-type MBL BcII, including several mutants of this enzyme (i.e. H86S, H88S and H149S, point mutations in the Zn1 site, and D90N, C168S and H210S, point mutations in the Zn2 site) [60] . Two binding events are observed, characterised by K d1 and K d2 ; relevant values are summarised in Table 2 , and indicate that (a) the affinity of different metal ions for a particular site varies significantly and (b) the two metal ion binding sites also display a large difference in metal ion affinity (note that the binding affinities of Co(II), which were determined spectrophotmetrically by recording the UV-Vis spectrum of BcII as a function of increasing Co(II) concentrations, were included for comparative purposes). For example, in the wild-type enzyme the estimated K d value of Zn(II) to the tighter binding site (i.e. K d1 ) is ~0.6 nM, but only 1.5 µM to the weaker site (i.e. K d2 ). Similar values were obtained in competition assays using PAR instead of Mag-Fura [108] . Zn(II) is clearly the preferred metal ion for both binding sites, followed by Cd(II) and Co(II), although catalytic activity can be reconstituted with each of these metal ions [60] .
Interestingly, mutating each of the six metal ion-coordinating amino acid side chains appears to have only a modest effect on the affinities of Zn1 and Zn2; the effect appears stronger for the Co(II) derivatives than the Zn(II) derivatives of the enzyme ( Table 2 ) [18] [60] . Using the same approach it was also shown that the addition of a substrate (imipenem) greatly enhances the affinity of the tighter side (K d1 ~10 pM); the affinity of the weaker side is only marginally altered (K d2 ~1.8 µM and 0.8 µM in the absence or presence of substrate, respectively) [60] .
Improved binding to the tighter side was also observed for another B1-type MBL, BlaB from Chryseobacterium meningosepticum, the B2-type MBL CphA from A. hydrophila and the B3-type MBL L1 from S. maltophilia [24] [109] . Based on the very tight binding of only one of the metal ions in the active site it was suggested that MBLs may only require one Zn(II) for catalysis under physiological conditions, especially since it is estimated that the concentration of free Zn(II) in cells may be in the picomolar range or lower [12] . However, this inter- pretation raises a serious issue in terms of why all known MBLs have two closely spaced metal ion binding sites in their catalytic centres-as already mentioned in a previous report it appears unlikely that such a structural arrangement would be conserved throughout evolution if there was no functional benefit for the enzyme [110] . It should also be noted that the binuclear form of BcII is at least twice as reactive as its mononuclear counterpart, and that the K d values of Zn(II), especially that for the tighter site, may not be as low as estimated by the abovementioned competition-based assays. Using equilibrium dialysis [108] or catalytic activity measurements as a function of Zn(II) concentration [18] K d1 values of ~0.3 µM and 0.66 µM, and K d2 values of ~3 µM and 890 µM, respectively, were recorded. To complicate matters further, using isothermal titration calorimetry (ITC) only one binding event was observed when metal ion-free BcII was titrated with Zn(II). Since the associated stoichiometry was, however, close to 2 it was suggested that two Zn(II) ions with comparable affinities (with an estimated K d value of ~30 µM) are bound to the enzyme [111] . Similar metal ion affinities for the two binding sites were also recorded for the B1-type MBL Ccr from Bacteroides fragilis with estimated K d values ≤ 10 µM [97] ; only the binuclear enzyme is believed to be active [98] . In a more recent study with BcII the competition assay using Mag-Fura as chelator was repeated as part of an extended study to investigate the process of Zn(II) binding in this enzyme [109] . The authors concluded that metal ion binding is a positively cooperative process and estimated metal ion affinities similar to the values reported by Badarau and Page, using ITC [111] . The reason for the largely differing K d values obtained from competition-based assays remains unclear, but it appears increasingly likely that the binuclear form of the B1-type MBLs (and likely also the B3-type MBLs) is the physiologically relevant one [74] , especially since extracellular Zn(II) concentration may be significantly larger than within cells. While in B1-and possibly also B3-type MBLs the binding of a second metal ion is driven by positive cooperativity and leads to an increase in reactivity, in B2-type MBLs it leads to inhibition (with a K i of ~50 µM) [71] . Metal ion affinity constants for the B2-type MBL CphA from A. hydrophila were also estimated in competition experiments using quin-2 as chelator for Zn(II) and Cd(II), and phen-green for Cu(II) (Figure 7) . Co(II) affinities were estimated spectrophotmetrically by recording the UV-Vis spectrum of CphA as a function of increasing Co(II) concentrations [19] . K d values ranged from the low picomolar range for Zn(II) to ~600 nM for Cu(II) for the tighter metal ion site to micromolar range for the weaker one. These values are of a similar magnitude as those reported for the B1-type MBL BcII (see above). At this point it may be necessary to briefly discuss the connection between the tighter and weaker metal ion binding sites (characterised by K d1 and K d2 ) and the two available binding sites in the catalytic centre, labelled Zn1 and Zn2 (Figure 4) . In B1-and B3-type MBLs Zn1 is likely to be associated with K d1 , supported, for instance, by crystallographic data that indicate a higher metal ion occupancy for this site than Zn2 [35] [36] [46] [59] [64] . An exception appears to be the B3-type MBL GOB from Elizabethkingia meningoseptica, where H116 in the Zn1 position (Figure 4 ) is replaced by a glutamine; a combination of kinetic and spectroscopic data indicate that this enzyme operates in mononuclear form with the metal ion bound to Zn2 (i.e. K d1 is associated with Zn2; its magnitude has not been reported) [112] . Hence, GOB resembles B2-type MBLs where available structural and functional information also indicates that the Zn2 site is catalytically relevant and associated with K d1 [112] . The surprising outcome of these comparisons is that the Zn2 site in B2-type MBLs and GOB is the preferred binding site despite the fact that in GOB the ligand environment of Zn2 is identical to that in B3-type MBLs, enzymes with a distinct preference for metal ion binding to the Zn1 site. Common to both B2-type MBLs and GOB is a single mutation in position 116 in the Zn1 site, where a histidine present in B1-type and most B3-type MBLs is replaced by glutamine. Furthermore, the Zn2 site in B1-type-MBLs is identical to that in B2-type enzymes (Table 1 ), yet the preferred binding site in the former is Zn1. Hence, relatively small changes in terms of amino acid substitutions may have significant effects in metal ion binding in this family of enzymes. In this respect the recent identification of a novel MBL that may be part of a new subgroup, labelled B4, may be an evolutionary intermediate. SPR-1 from S. proteamaculans also has three mutations in the metal ion binding site, one in Zn1 and two in Zn2 (Figure 4) . It has been proposed that in the absence of substrate the enzyme may be in a mononuclear, catalytically inactive state; upon addition of substrate a catalytically active binuclear centre is formed [25] . Although no metal ion binding or crystallographic studies with SPR-1 have been reported it appears likely that in its mononuclear form the Zn2 site is occupied since the Zn1 site resembles that of both GOB and B2-type MBLs. It should be noted that the proposed substrate-promoted metal ion assembly mechanism in SPR-1 has also been observed in other binuclear metalloenzymes, including a glycerophosphatediesterase (GpdQ) from E. aerogenes [26] - [33] .
The above discussion highlighted the considerable difficulties encountered in the study of the contribution of the metal ions to catalysis in the different subgroups of MBLs. While there is clear evidence for functional differences between members from different subgroups, it has also become evident that different methodologies used to estimate metal ion binding may have led to different conclusions. It thus seems essential that metal ion interactions are carried out under well defined, identical conditions in order to compare different MBLs (including different metal ion derivatives). An ideal, universally applicable method may thus be ITC since it is not dependent on particular chelating agents or spectroscopic properties. It is somewhat surprising that this methodology has rarely been used in studies with MBLs. As mentioned above, Badarau and Page reported K d values for Zn1 and Zn2 in BcII [111] , and in a more recent report Horton et al. employed ITC to measure K d2 (i.e. the K d of the Zn2 site) of the C221G mutant of IMP-1, which was purified with the Zn1 site occupied by a zinc ion [48] . The binding constant was estimated to be 17 μM, indicating that the cysteine ligand may not play a major role in binding the metal ion in Zn2 in B1-type MBLs, an observation in agreement with the proposed positive cooperativity for metal ion binding in the subgroup.
Conclusions
MBLs have emerged as a major threat to global health. They inactivate an increasing number of commonly used antibiotics and spread easily among various pathogens on mobile genetic elements. Crystal structures for several MBLs have been determined and an extensive amount of information about their biochemical properties has been accumulated. Some potent in vitro inhibitors of MBLs have also been detected. However, to date none of the available MBL inhibitors are of clinical use. The search for universal and clinically applicable MBL antagonists is still very much at the beginning.
This search is complicated further by the fact that MBLs are able to mutate rapidly and thus evade inhibition. This large mutational space is illustrated by the small degree of sequence and structure conservation in the substrate binding pockets of various MBLs; accordingly, their substrate preference and response to potential inhibitors can vary considerably. Thus, new strategies to comprehensively inhibit MBLs are needed. The main common aspect of their function is their requirement for metal ions, one (in the Zn2 site) for B2-type MBLs, and mostly two in the remaining ones (see discussion above). It is thus surprising that the precise role(s) of metal ions in the catalytic mechanism of MBLs, and in particular their binding interactions in the active sites are still obscure. It appears unlikely that the metal ion binding site can afford a large mutational degree of freedommetal ion affinities are expected to be severely affected by most changes in their coordination environment. Hence, we propose that universal MBL inhibitors that may retain their effect long-term should target the metal ion binding site. It is thus essential to investigate and compare metal binding interactions among different MBLs under experimentally well-defined and conserved conditions. Since the early metal ion binding studies by de Seny, Wommer and coworkers [56] [103] ITC has emerged as a method of choice to assess binding affinities under physiologically relevant conditions. A detailed characterisation of comparative metal ion affinities in various MBLs will provide essential information to design and develop compounds that effectively interfere with metal ion binding in these enzymes. Such compounds are not expected to be affected by mutations as sig-nificantly as molecules that compete with substrates, and hence they may prove to be highly useful as clinical chemotherapeutics in the fight against antibiotic resistance.
